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A B S T R A C T
The observation of surface phonon using scanning probe microscopy can provide important information related to local structural and electrical properties. In this
study, surface phonon modes on a Cu(100) surface were measured using inelastic tunneling spectroscopy of scanning tunneling microscopy. One phonon mode was
measured at 3.6 meV on a clean Cu(100) surface. On an oxygen-adsorbed Cu(100) surface, another phonon mode was measured at 13.5 meV. This phonon mode was
considered to be enhanced by the symmetry created by Cu-missing rows. The spatially varying d2I/dV2 map showed the effect of surface stress relaxation.
Surface phonon modes can differ from bulk phonon modes because
they arise from the abrupt termination of a crystal structure at a sur-
face. Surface phonon dispersion has been measured by electron energy
loss spectroscopy (EELS) [1] and He atom scattering (HAS) [2]. How-
ever, these methods measure the averaged dispersions over the beam
spot size, thereby limiting the spatial resolution [3]. To understand the
local properties of surface phonon modes related to surface structures, a
local probe method is required. Since vibration spectroscopy with a
local probe was first realized using the inelastic tunneling spectroscopy
(IETS) of scanning tunneling microscopy (STM) [4], it has become a
powerful method to measure molecular vibrational modes in single
molecules [5–7] and spin excitation in single magnetic atoms [8–11] on
various surfaces. Molecular vibrations are localized within a single
molecule; by contrast, surface phonons originate from the quantization
of collective lattice vibrations over a surface. However, despite this
difference, STM-IETS can be used to measure the excitation of surface
phonon modes with the same measurement principle as that for mole-
cular vibrations. On graphite and graphene surfaces, which have a
covalent bonding nature, surface phonon modes were measured using
STM-IETS [12,13] at theoretically predicted van Hove singularities
(VHSs). On metal surfaces, however, the observed acoustic phonon
peaks were broad [14,15], and the optical phonon peaks were hardly
detected in STM-IETS measurements.
Although the mechanism of opening of an inelastic tunneling
channel by a surface phonon is not yet clearly understood, it was
suggested that a tunneling electron is coupled to a surface phonon [15].
Therefore, the measured inelastic tunneling signal is proportional to the
product of the electron–phonon coupling matrix elements and the
phonon density of states. Consequently, the momentum-averaged tun-
neling matrix limits the energy resolution of the phonon mode com-
pared with the molecular vibration spectra in STM-IETS. In a recent
study [16], It was found that the peak height of inelastic signal was
determined by the atomic configuration of the probing tip in STM-IETS.
A single-atom tip yields an enhanced STM-IETS signal on top of a CO
molecule on the Cu(111) surface compared with three- or four-atom tip
configurations. According to theoretical studies on STM-IETS [17,18],
the STM-IETS signal is dependent on the relaxation energy of the atom
under the tip, which opens the inelastic tunneling channels and can be
affected by the presence of a sharp STM tip. Based on this experimental
and theoretical background, we measured the surface phonon modes on
a clean Cu(100) surface and oxygen-adsorbed Cu(100) surfaces by using
atomically sharp STM tips prepared by field ion beam (FIB) sharpening
followed by in situ annealing. Acoustic phonon modes were measured
on Cu(100) and oxygen-adsorbed Cu(100) surfaces by using these tips.
Moreover, a spatial variation map on oxygen-adsorbed surfaces shows
locally enhanced d2I/dV2 signals, possibly due to local surface relaxa-
tion.
Before exploring oxygen-adsorbed surfaces, a clean Cu(100) surface
was prepared by several cycles of Ar sputtering and annealing at 450 °C.
Fig. 1(a) shows an STM topographic image of the clean Cu(100) surface,
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Fig. 1. (a) STM topographic image of clean Cu(100) surface taken at 5 K in constant current mode with tunneling current of 10 pA and sample bias of 2 V. (b) A
representative STM-IETS spectrum obtained on clean Cu(100) surface with modulation voltage of 3.0 mV. Spectrum is fitted by two Lorentz curves centered
at± 3.6 mV.
Fig. 2. (a) STM topographic image of the copper-oxide surface obtained with a tunneling current of 50 pA and sample bias of 2 V. (b) Height profile taken along the
blue line in (a). (c) High-resolution image of the copper-oxide surface obtained with a tunneling current of 100 pA and sample bias of −50 mV. Cu-missing rows in
the (2√2× √2)R45°-O region are clearly visible, as explained in the main text. (d) Schematic of atomic arrangement on the (2√2× √2)R45°-O surface. The black
rectangle shows a unit cell of (2√2× √2)R45°-O, and black arrows indicate Cu-missing rows. (e) Schematic of atomic arrangement on the (√2× √2)R45°-O surface.
The black rectangle shows a unit cell of the (√2× √2)R45°-O surface, and oxygen atoms occupy the center hollow sites. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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and STM-IETS spectra were acquired at the clean surface as a reference
to observe the change in phonon mode peaks after oxygen exposure. All
STM measurements in this study were performed at ∼5 K. The STM-
IETS signal, d2I/dV2 signal, was measured by the lockin technique with
the modulation voltage of 3.0 mV and at the frequency of 211 Hz.
Fig. 1(b) shows a representative STM-IETS spectrum that reveals a
phonon mode on the clean Cu(100) surface at 3.6 meV with the full
width half maximum (FWHM) of 10.6 meV, which were extracted by
Lorentzian fitting. This peak width is similar to those in earlier STM-
IETS studies on metal surfaces [15,18]. The observation of this peak is
debated because no VHS exists at this energy in the phonon density of
states. Vitali et al. [18] suggested that this peak could have originated
from the atomic vibration at the tip apex. However, Minamitani et al.
[15] proposed that the out-of-plane polarized surface acoustic phonon
near the Γ point in STM-IETS. In our experiment, this peak width was
reproduced in the measurements with different STM tips and samples.
We believe that this peak arises from the acoustic phonon mode near
the Γ point and not from the atomic vibration at the tip apex.
After measuring clean Cu(100), the surface was exposed to oxygen
to induce surface relaxation on the surface. To grow the ordered
oxygen-adsorbed layer, a clean Cu surface was heated to 450 °C at
1 × 10−10 Torr followed by exposure to oxygen at ∼3000 Langmuir at
200 °C [19–21]. Fig. 2(a) shows an STM topographic image of the
oxygen-adsorbed Cu(100) surface, in which two different surface re-
construction regions coexist. One region appears flat and the other
appears rough. The line profile across these two regions clearly shows
different roughness values of ∼6 pm and 25 pm, respectively, as shown
in Fig. 2(b). Based on previous studies [19,20] and the magnified STM
image (Fig. 2(c)), the atomic structure of the flat region is revealed to
have (2√2× √2)R45°-O surface reconstruction and that of the rough
region is revealed to have a disordered (1 × 1) structure, locally
(√2× √2)R45°-O surface reconstruction. In the (2√2× √2)R45°-O sur-
face, oxygen atoms are located at the center hollow sites of the Cu
lattice with consecutive missing Cu rows, as shown in Fig. 2(d). The
missing rows are clearly visible at the center rectangular region of the
magnified STM image (Fig. 2(c)), as indicated by black arrows in
Fig. 2(d). In the disordered (√2× √2)R45°-O surface, oxygen atoms are
located at the same sites as in the (2√2× √2)R45°-O surface; however,
no rows with missing Cu exist, as shown in Fig. 2(e).
To study the effect of oxygen atoms on surface phonon modes, STM-
IETS spectra obtained on the (2√2× √2)R45°-O and (√2× √2)R45°-O
surfaces were compared with those obtained on the clean Cu(100)
surface, as shown in Fig. 3(a). These IETS spectra have two phonon
modes at 3.5 meV and 13.5 meV with a FWHM of 7.0 meV extracted by
Lorentzian fitting. The lower-energy mode is measured nearly at the
same energy on the clean surface, implying that oxygen atoms affect
little on the out-of-plane polarized surface phonon mode near the Γ
point (3.5 meV versus 3.6 meV). Second, the out-of-plane surface mode
at 13.5 meV on the (2√2× √2)R45°-O surface, which was previously
resolved by EELS measurement [22], was measured for the first time
using STM-IETS. This peak was hardly resolved on the disordered
(√2× √2)R45°-O surface and clean Cu(100) surface. The resolution of
this peak can be explained by the surface symmetry from Cu-missing
rows on the (2√2× √2)R45°-O surface. This peak is related to the out-
of-plane surface mode peak at the X point of the Brillion zone boundary
in the phonon dispersion relation [23], which is, owing to symmetry,
parallel to the direction of the Cu-missing rows in real space, as shown
in Fig. 3(b). Therefore, on the (2√2× √2)R45°-O surface with Cu-
missing rows, this phonon peak can be enhanced selectively. However,
on the disordered (√2× √2)R45°-O surface without Cu-missing rows,
the signal of this phonon peak is not enhanced, which is similar to the
STM-IETS on clean Cu(100) (see Fig. 1(b)). In addition, since oxygen-
adsorbates impart compressive stress on the Cu(100) surface [24], the
surface phonon mode of oxygen-adsorbed Cu(100) will have a smaller
value than that of clean Cu(100). However, the difference was so small
that we could not find much difference.
To investigate local variations in phonon modes, d2I/dV2 map was
obtained over a coexisting area between two oxidized surfaces. Fig. 4(a)
and (b) shows an STM topographic image and a d2I/dV2 map of the
same area focused at a bias voltage of −15.0 mV. The topographic
image shows the (2√2× √2)R45°-O phase at the center and the dis-
ordered (√2× √2)R45°-O phase on the right (same layer as the center
phase) and left (one Cu layer lower than the center phase). As shown in
Fig. 4(b), the average intensity of d2I/dV2 in the (2√2× √2)R45°-O
phase is larger than that in the disordered (√2× √2)R45°-O phase. It is
clearly visible in the height of the dotted lines in the cross-sectional
profile in Fig. 4(c). In addition to the height difference in two phases,
there strong local variation of d2I/dV2 signal with the width of ap-
proximately 1 nm, appeared bright lines from the bottom left to top
right in the Fig. 4(b) and sharp peaks in the cross-sectional profile in
Fig. 4(c). It is noted that this d2I/dV2 map was obtained at the bias
voltage of −15.0 mV. There are two possible scenarios. This lines re-
flect the local surface stress at oxygen-adsorbed surfaces [24], resulting
in enhanced d2I/dV2 signal. A similar stress relaxation was observed on
the double Fe layer on the W(100) surface [25,26]. The second possi-
bility is the electronic structural change in the region at the stressed
regions. That is because the intensity of d2I/dV2 is proportional to the
product of the electron–phonon coupling matrix elements and the
phonon density of states [15]. Therefore, we cannot determine whether
these peaks are originated from the change of the local electronic
structure or the phononic structure with STM-IETS measurements.
In conclusion, surface phonon modes on clean and oxygen-adsorbed
Cu(100) surfaces were successfully resolved using the STM-IETS tech-
nique. The acoustic phonon modes were successfully resolved and they
are modified under the stress caused by oxygen adsorption. The di-
rectionality of the phonon mode, in combination with the surface
symmetry, is directly related to the STM-IETS signal strength.
Fig. 3. (a) STM-IETS spectra obtained on (2√2× √2)R45°-O surface (red) and
(√2× √2)R45°-O surface (blue) with a modulation voltage of 3.0 mV. (b)
Schematics for enhanced phonon mode with X direction after creating Cu-
missing rows. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 4. (a) STM topographic image of a copper-
oxide surface obtained with a tunneling cur-
rent of 100 pA and sample bias of 500 mV. (b)
STM-IETS map of the same area as in (a) with a
tunneling current of 100 pA and bias voltage of
−15 mV. All scale bars indicate 5 nm. (c)
Height profile across the yellow line in (b).
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)
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